We present a composite model of quarks with 'effective supersymmetry'.
I. INTRODUCTION
The standard model gives no understanding of the origins of the electroweak symmetry breaking and the fermion mass hierarchy. Furthermore, it is well known that there exists a naturalness problem [1] in the standard model. The electroweak scale cannot be stable with respect to quantum corrections if new physics exists at very large scales.
The naturalness problem is solved by minimal supersymmetric (SUSY) extension of the standard model, the minimal supersymmetric standard model (MSSM). Although the extension gives no explanation of the origin of the fermion mass hierarchy, a new mechanism to break the electroweak symmetry is included. In this model, if SUSY is broken, the electroweak symmetry breaking is caused by the radiative correction due to the large top Yukawa coupling. This mechanism is known as the 'radiative breaking scenario' [2] . However, the supersymmetric mass term of the Higgs superfields, the µ-term, should be roughly less than the electroweak scale, so that this mechanism can work. Since the µ-term is a free parameter, its scale is not determined by the MSSM itself. This is known as the µ problem.
To understand the MSSM more completely, we should investigate three subjects as follows: (i) the mechanism of the SUSY breaking, (ii) a solution to the µ problem, (iii) an explanation of the large top Yukawa coupling and the fermion mass hierarchy.
The method proposed by Seiberg and co-workers [3] is noteworthy, when we consider the dynamical scale generation and the dynamical SUSY breaking in the N = 1 SUSY gauge theory. By this method, we can evaluate the non-perturbative effect of the strong gauge interaction and 'exactly' determine the dynamically generated superpotential. For example, there are many models [3] [4] [5] [6] in which the SUSY is broken by the strong gauge dynamics.
On the other hand, the SUSY composite model proposed by Nelson and Strassler [7] is useful in understanding the large top Yukawa coupling and the fermion mass hierarchy among the up-type quarks. They introduce the SU(2) gauge interaction with six doublet superfields, the 'preon' superfields. The MSSM gauge group SU(5) SM ⊃ SU(3) c × SU(2) L × U(1) Y is embedded in the SU(6) global symmetry. Below the dynamical scale of the SU(2) gauge interaction, the preon superfields are confined into the superfields of 5 and 10 representations of SU(5) SM , which are identified with the up-type Higgs and the ten dimensional superfields in the conventional SUSY SU(5) GUT framework. The top Yukawa coupling is dynamically generated by the non-perturbative effect of the SU(2) gauge interaction, and is naturally expected to be O(1). In addition, the µ-term is also generated by strong dynamics. Unless the composite scale is much larger than the electroweak scale, the µ-term naturally becomes the electroweak scale. In the three generation case, three SU(2) gauge interactions are introduced at each generation. Then, the Yukawa couplings of the up-type quarks are generated by each type of SU(2) gauge dynamics. The small Yukawa couplings of the up and charm quarks are effectively generated through the mixing of the up-type Higgs superfields.
The mass hierarchy among the up-type quarks can be understood as the hierarchy among the three composite scales.
An attempt to combine the SUSY composite model with the dynamical SUSY breaking model has been made in Ref. [8] . In this model, SUSY is dynamically broken, the large top Yukawa coupling is dynamically generated, and the radiative breaking scenario is realized.
In addition, a new mechanism to give soft SUSY-breaking masses to the superpartners in the MSSM was proposed. Here, the preon superfield plays the role of the 'messenger fields' [4] . However, the model cannot satisfy the naturalness criterion [1] , which is the motivation of the SUSY extension. In the model, the scalar top quark should have mass of order 10
TeV to give an experimentally acceptable mass spectrum in the MSSM. Then, fine tuning is necessary to obtain the correct vacuum expectation values of the Higgs bosons. In addition, since the composite scale is of order 10 9 GeV, an extremely small coupling constant is needed to obtain the µ-term of the electroweak scale.
In this paper, we present a composite model of quarks with 'effective supersymmetry'. The model is based on the gauge group (SU(2)
The dynamical SUSY breaking sector is based on the gauge group 
The quarks in the i-th generation are composed by the preon superfields which are confined by the strong SU(2) i gauge interaction, where i = U, C and T correspond to the first, second and third generation, respectively. Since the gauge group SU(2) U × SU(2) C is embedded in the global symmetry of the dynamical SUSY breaking sector, the preon superfields in the first two generations play the role of the messenger fields. To obtain an experimentally acceptable mass spectrum in the MSSM, the scalar quarks in the first two generations need masses of order 10 TeV. On the other hand, the other superpartners need masses less than 1 TeV. Therefore, the mass spectrum in our model is one example of 'effective supersymmetry' model proposed by Cohen, Kaplan and
Nelson [9] .
In section II, we construct the preon sector which is based on the model proposed by
Nelson and Strassler. In section III, the dynamical SUSY breaking sector is constructed. In section IV, we discuss the mediation of the SUSY breaking to low energy, and we estimate the mass spectrum in the MSSM. In section V, we show that the electroweak symmetry breaking is realized with an experimentally acceptable mass spectrum in the MSSM. In section VI, we consider the masses of the down-type quarks. We summarize our model in section VII.
II. THE PREON SECTOR
In this section we construct the preon sector, which is based on the model proposed by
Nelson and Strassler [7] . We introduce the SU(2) U × SU(2) C × SU(2) T gauge interaction, which confines the preon superfields into the quark superfields in three generations. Each type of dynamics based on the SU(2) i (i = U, C, T ) gauge interaction possesses the six doublet preon superfields, where the subscripts i = U, C and T correspond to the first, second and third generation, respectively. The MSSM gauge group is embedded in the SU(6) global symmetry of the SU(2) i gauge dynamics.
The particle contents are as follows:
The superfieldH i is the down-type Higgs superfield, andΦ i is the matter superfield including the SU(2) L singlet quark of the down-type and the lepton doublet. In this paper, we use the SU(5) GUT notation for simplicity. It is easy to decompose the notation into that for the MSSM gauge group. In the following discussion, we consider only the quark sector in the MSSM.
At high energy, where the SU(2) U × SU(2) C × SU(2) T gauge interaction becomes weak, most general tree-level superpotential is given by
where [ ] denotes the contraction of SU (2) i indices by the ǫ-tensor, and α i , β i and γ are dimensionless coupling constants. We redefine the flavor index ofH i as above by the SU (3) flavor rotation.
At low energy, where the gauge interaction becomes strong, the dynamical superpotential is generated as
where Λ i is the dynamical scale of the SU(2) i gauge interaction, and V i is a 6 × 6 antisymmetric tensor defined by
The fields 10 i and H i are the effective fields as follows:
We can identify 10 i and H i with the superfield of the 10 representation and the up-type
Higgs superfield of the 5 representation in the GUT framework, respectively. Then, we obtain the effective superpotential
Note that the first term is nothing but the Yukawa coupling, which is naturally O(1), and the other terms are the µ-terms of the Higgs superfields. By the strong SU(2) U × SU(2) C × SU(2) T dynamics, the large Yukawa couplings and the µ-terms are generated.
Let us assume that the pair of up-and down-type Higgs superfieldsH T and H T is the lightest of all the Higgs superfields. Then, integrating out the heavy superfields from Eq.
(4), we obtain
where
. If H T = 0 is realized, the masses of the up-type quarks are generated, and we can obtain the mass relation
Therefore, the mass hierarchy among the up-type quarks originates from the hierarchy among the three composite scales, Λ T ≪ Λ C ≪ Λ U . Note that if Λ T is roughly the electroweak scale, we obtain the µ-term of the electroweak scale in Eq. (5).
1 Since the first term in Eq. (4) can cause too rapid proton decay, we have to identify the SU (2) L singlet fields in 10 i with new heavy fields to avoid this decay. The fields can have masses of order Λ i , as considered by Nelson and Strassler. In the following discussion, we consider only the quark sector, as already mentioned.
III. THE DYNAMICAL SUSY BREAKING SECTOR
In order for the SUSY composite model introduced in the previous section to be realistic, SUSY should be broken. We construct the dynamical SUSY breaking sector in this section.
It is pointed out that the theory of the SU(2) gauge interaction with four doublet and six singlet superfields can cause the dynamical SUSY breaking [6] . The dynamical SUSY breaking sector in our model has the extended structure of the theory. This sector is based on the SU(2) S × SU(2) M gauge group. To make our discussion clear, let us first consider only the SU(2) S dynamics. The particle contents are as follows:
The gauge group SU(2) U × SU(2) C is embedded in the global SU(4) flavor symmetry of the SU(2) S dynamics. It is known that this symmetry breaks down to the global Sp (4) symmetry at low energy [3] if the SU(2) U × SU(2) C gauge interaction is switched off. Then, we require the tree-level superpotential to have the global Sp(4) symmetry when the gauge interaction is ignored. We define Z, Z ′ and N as the singlet superfields, and Z 5 and Z D as the 5 representation of this global symmetry.
Without loss of generality, tree-level superpotential is given by
where [ ] denotes the contraction of the SU (2 antisymmetric tensor given bŷ
Here, Λ S is the dynamical scale of the SU(2) S gauge interaction. The fields V , V 5 and V D are the effective fields, as follows:
Since the condition PfV = Λ 4 S contradicts the SUSY vacuum conditions required by the tree-level superpotential of Eq. (7), supersymmetry is dynamically broken [6] .
To obtain the effective superpotential, we eliminate one of the effective fields with the condition PfV = Λ 4 S . Using the effective fields, the condition is described by
Considering small fluctuations of V around V = Λ S , we obtain
Eliminating V from Eq. (7), the effective superpotential is given by
This effective superpotential is one of the types of the O'Raifeartaigh model [10] . For small λ Z compared with λ 5 , supersymmetry is broken by
Note that the scalar potential derived from Eq. (11) has a 'pseudo-flat' direction; namely, the potential remains minimum along an arbitrary value of Z 2 . This pseudo-flat direction is lifted up by the quantum correction for the scalar potential of Z. If we consider the Yukawa coupling in Eq. (11), Z = 0 is expected [11] . Then, the vacuum is realized at F Z = 0, other F -components = 0, N = Λ S / √ λ N and other scalar components = 0. Note that there is no U(1) R symmetry breaking mass term of V D in the effective superpotential,
A strong SU(2) M gauge interaction is introduced to generate the mass term. We also introduce two doublet superfields,Q and Q, of the SU(2) M gauge group. In addition to the effective superpotential of Eq. (11), let us consider the new tree-level superpotential
where [ ] denotes the contraction of the SU(2) M indices by the ǫ-tensor. The vacuum is realized with the same vacuum expectation values as discussed above and enforcing the condition Q = Q = 0.
However, we should consider the non-perturbative effect of the strong SU(2) M gauge interaction at low energy. Then, the effective superpotential is given by
where Λ M is the dynamical scale of the SU(2) M gauge interaction, and M ∼ Q Q /Λ M represents the effective fields. Now we obtain the total effective superpotentialW eff = W eff + W ′ eff in the dynamical SUSY breaking sector.
We can see that Z ′ = 0 is realized from the total superpotential. Indeed, from the two conditions ∂W eff /∂M = 0 and ∂W eff /∂N = 0, we obtain
The U(1) R symmetry breaking mass term for the superfield V D is generated.
IV. THE MEDIATION OF SUPERSYMMETRY BREAKING AND THE MASS SPECTRUM OF THE SUPERPARTNERS IN THE MSSM
In this section, we investigate the mediation of the supersymmetry breaking. This breaking is mediated to the preon sector and the MSSM sector by the SU(2) U × SU(2) C and SU(5) SM gauge interactions. Then, all of the superpartners in the MSSM obtain soft SUSYbreaking masses.
Let us extract the parts including V D from the total effective superpotentialW eff given in the previous section. These are given by
Because F Z = 0 and Z ′ = 0, the superfield V D plays the role of the 'messenger fields'
[4] to give soft SUSY-breaking masses to the SU(2) U × SU(2) C charged particles. In the following discussion, we assume
Through the 1-loop radiative correction by the messenger fields V D , the SU(2) U and SU(2) C gauginos obtain the soft SUSY-breaking masses
is the coupling constant of the SU(2) i gauge interaction (i = U, C),
The scalar preons,P i andÑ i (i = U, C), also obtain masses through the 2-loop radiative correction,
The scalar preon masses are of the same order as the gaugino masses. Since the scalar preons have masses, the composite scalars,10 i and the up-type Higgs boson H i , also have the soft SUSY-breaking masses. For simplicity, we assume that the masses of the composite scalars are twice as large as the corresponding scalar preon masses.
Furthermore, the gauginos in the MSSM obtain the soft SUSY-breaking masses through the radiative correction including the preon superfields P i , since the preon superfield P i has not only SU(2) i charge but also SU (5) 
where α N (N = 1, 2, 3) is the coupling constant of the SU(N) gauge interaction in the standard model 3 . Note that the preon superfields also play the role of the 'messenger fields'.
Using the above results, we can estimate the mass spectrum in the MSSM. However, note that the results cannot be reliable at low energy, since the SU(2) i gauge interaction becomes strong there. For simplicity, we take α H /4π = 1 as a rough estimation. According to the above assumptions, we obtain
In the following discussion, we regardm ≡ m1 0 i as a free parameter. Then, the MSSM gaugino masses are rewritten as
where we fix the value of the free parameter m such that i=U,C ln(m/Λ i ) = 4 √ 6π.
Since the MSSM gauginos and the scalar quarks in the first two generations have soft SUSY-breaking masses, the other scalar partners in the MSSM also obtain masses through radiative corrections by the gauginos and the scalars. The scalar partner of 10 T obtains a mass mainly by the 1-loop correction due to the SU(3) c gaugino and the 2-loop corrections due to10 U and10 C :
The Higgs bosons obtain masses mainly by the 1-loop correction due to the SU(2) L gaugino and the 2-loop corrections due to10 U and10 C :
Note that, since the 2-loop corrections give negative contributions to the mass squared, our model potentially has a problem of SU(3) c color breaking [13] . However, we can avoid this problem by fixing the parameters such as m ≫ Λ i (see Eq. (20)). The soft SUSY-breaking B-term, BH T H T + h.c., in the Higgs potential is induced mainly by the SU(2) L gaugino loop, and we obtain
where µ = γΛ T .
Here, we list the masses of the superpartners to be used in the following discussion:
We have used α 3 ∼ 0.12 and α 2 ∼ 0.033 here, and we take Λ T /m λ 3 ∼ 10, for simplicity.
To obtain an experimentally acceptable mass spectrum in the MSSM [14] , it is required that the scalar quarks in the first two generations be very heavy; namely,m ≥ O(10 TeV).
However, note that this value implies no contradiction with the naturalness criterion [1] .
Since the Yukawa coupling constants of these quarks are very small, the contribution to the self-energy of the Higgs bosons remains less than the electroweak scale, even ifm ≥ O(10 TeV). On the other hand, the other superpartners have masses less than 1 TeV. Therefore, the mass spectrum in our model is one example of the 'effective supersymmetry' model proposed by Cohen, Kaplan and Nelson [9] .
V. THE ELECTROWEAK SYMMETRY BREAKING
In order for our model to be realistic, the electroweak symmetry should be broken. In this section, we investigate whether the symmetry breaking is realized or not by using the mass spectrum obtained the previous section.
The Higgs potential is given by
where M Z = 91 GeV is the Z-boson mass, and v = 246 GeV. Using the result from Eq. (24),
we can obtain
for arbitrary values of µ andm. Therefore, the electroweak symmetry is not broken in this potential.
Then, we consider the radiative correction of the Higgs potential due to the large top On the other hand, the µ-term ofH T and H T can become of the electroweak scale with a not so small parameter γ ∼ 10 −2 . As a result, the radiative-breaking scenario is realized with a realistic solution.
VI. THE MASSES OF THE DOWN-TYPE QUARKS
In the previous sections, the masses of the down-type quarks were not considered. In this section, we discuss the method to generate the masses of the down-type quarks.
Since the quark doublets are composed of two preons, we cannot introduce the Yukawa coupling of the down-type quarks with renormalizable terms in the superpotential. Following to Nelson and Strassler [7] , let us introduce heavy fieldsS i and S i as follows:
Here, i = U, C and T correspond to each generation. For simplicity, we discuss only the third generation.
In addition to the tree-level superpotential of Eq. (1), we can introduce the superpoten-
where λS T and λ S T are dimensionless coupling constants, and ms s is the mass parameter.
Integrating out the heavy fields, we obtain
Then, after the confinement of [P T P T ], this superpotential gives the Yukawa coupling of the bottom quark,
Note that the mass hierarchy between the top and bottom quarks is obtained by Λ T ≪ ms s .
This mechanism was introduced by Nelson and Strassler.
However, we should explain the origin of the mass parameter ms s . In addition to the effective superpotentialW eff in section III, let us introduce the superpotential
Note that the vacuum discussed in section III is not changed by this introduction. We can obtain the mass term ofS T and S T by N = Λ S / √ λ N . The origin of the mass term is the dynamical scale of the SU(2) S gauge interaction. Therefore, the mass hierarchy between the top and bottom quarks originates from the hierarchy between the composite and the dynamical SUSY breaking scales.
It is easy to extend our discussion to the three generation case. However, our model has no mechanism to explain the mass hierarchy between the down-type quarks in the different generations. The explanation of the masses of the down-type quarks remains an open problem in our model.
VII. SUMMARY
We have constructed a composite model of quarks with 'effective supersymmetry'. The model is based on the gauge group (SU(2)
In the dynamical SUSY breaking sector, supersymmetry is dynamically broken by the strong SU(2) S gauge dynamics. This dynamics also generates the SU(2) U × SU(2) C bidoublet superfield V D as a composite field. The U(1) R symmetry-breaking mass of V D is generated by the strong SU(2) M gauge dynamics. Then, the bi-doublet superfield plays the role of the messenger field to mediate the SUSY breaking to the preon sector in the first two generations.
In the preon sector, the preon superfields are confined in the up-type Higgs superfield SUSY breaking is mediated to the preon sector and the MSSM sector through the radiative correction by the SU(2) U × SU(2) C bi-doublet superfield V D and the preon superfield P i (i = U, C). In particular, the MSSM gauginos obtain masses in a manner described by the 3-loop diagram in Fig. 1 . Here, it is crucial for the preon superfield P i to have charges both of the SU(2) i and the MSSM gauge groups, and it plays the role of the 'messenger fields'. In order to obtain an experimentally acceptable mass spectrum in the MSSM, the scalar quarks in the first two generations need masses of order 10 TeV. On the other hand, the other superpartners need masses less than 1 TeV. Therefore, the mass spectrum in our model is an example of the 'effective supersymmetry' model of Cohen, Kaplan and Nelson.
In our model, the electroweak symmetry is broken by the radiative breaking scenario.
The conditions to realize this scenario are satisfied with an experimentally acceptable mass spectrum in the MSSM. Our result is consistent with the condition for the mechanism of 
